Abstract. We study some aspects of Maldacena's large-N correspondence between N = 4 superconformal gauge theory on the D3-brane and maximal supergravity on AdS5 × S5 by introducing macroscopic strings as heavy (anti-) quark probes. The macroscopic strings are semi-infinite Type IIB strings ending on a D3-brane world-volume. We first study deformation and fluctuation of D3-branes when a macroscopic BPS string is attached. We find that both dynamics and boundary conditions agree with those for the macroscopic string in anti-de Sitter supergravity. As a by-product we clarify how Polchinski's Dirichlet and Neumann open string boundary conditions arise dynamically. We then study the non-BPS macroscopic string-anti-string pair configuration as a physical realization of a heavy quark Wilson loop. We obtain the QQ static potential from the supergravity side and find that the potential exhibits non-analyticity of the square-root branch cut in the 't Hooft coupling parameter. We put forward non-analyticity as a prediction for large-N gauge theory in the strong 't Hooft coupling limit. By turning on the Ramond-Ramond zeroform potential, we also study the θ vacuum angle dependence of the static potential. We finally discuss the possible dynamical realization of the heavy N -prong string junction and of the large-N loop equation via a local electric field and string recoil thereof. Throughout comparisons of the AdS-CFT correspondence, we find that a crucial role is played by "geometric duality" between the UV and IR scales in directions perpendicular to the D3-brane and parallel ones, explaining how the AdS5 spacetime geometry emerges out of four-dimensional gauge theory at strong coupling.
Introduction
With better understanding of D-brane dynamics, new approaches to outstanding problems in gauge theory have become available. One of these problems concerns regarding the behavior of SU (N ) gauge theory in the large-N limit [1] : N → ∞ with the 't Hooft coupling g 2 eff = g 2 YM N fixed. Planar diagram dominance as shown first by 't Hooft has been regarded as indicative of a certain connection to string theory, but it has never become clear how and to what extent the string is related to the fundamental string. Recently, built on an earlier study of the nearhorizon geometry of D-and M-branes [2] and their absorption and Hawking emission processes [3] , Maldacena has put forward a remarkable proposal for the large-N behavior [4] . According to his proposal, the large-N limit of d-dimensional conformal field theories with sixteen supercharges is governed in a dual description by maximal supergravity theories (chiral or non-chiral depending on d) with thirty-two supercharges that are compactified on AdS d+1 times the internal round sphere. Extensions to eff s and a self-dual flux Q 5 = (1/2π) S5 H 5 = N units. By taking λ IIB → 0 while keeping g eff large in the large-N limit, the classical Type IIB string theory is approximated by compactified supergravity.
In this paper, we study some aspects of the large-N behavior of superconformal d = 4, N = 4 Yang-Mills theory with gauge group SU (N ) from the perspectives of Maldacena's proposal. In particular, we pay attention to charged particles in the theory. It is well known that conformal invariance imposes a vanishing electric current as an operator equation, leading only to a trivial theory. It has been argued that [10] , to obtain a non-trivial conformally invariant fixed point, there must be non-vanishing electric and magnetic states in the spectrum. Then it would be most desirable to investigate the theory with charged particles in detail. Massless charged particles, even though being of our ultimate interest, would be rather delicate because their long-range fields are exponentially suppressed due to conformal invariance. Thus, in this paper, we would like to concentrate exclusively on heavy electric and magnetic particles.
The idea is very simple. The spectrum of d = 4, N = 4 super-Yang-Mills theory contains BPS spectra carrying electric and magnetic charges (p, q). Extending Maldacena's conjecture, one expects that the correspondence between gauge theory and supergravity continues to hold even when heavy charged particles are present. In particular, the dynamics of BPS particles should match gauge theory and supergravity descriptions. On the supergravity side, charged particle may be described by a macroscopic Type IIB (p, q) string that ends on the D3-branes. For example, ending on a D3-brane, a macroscopic fundamental (1, 0) string represents a static, spinless quark transforming in the defining representation of the SU (N ) gauge group. On the gauge theory side, one can also describe the BPS charged particles as world-volume solitons on the D3-brane. Using the Born-Infeld world-volume action, Callan and Maldacena [11] have shown that the world-volume BPS solitons are identical to the Type IIB (p, q) string ending on the D3-branes. Thus, equipped with both supergravity and world-volume descriptions, one would be able to test Maldacena's conjecture explicitly even when the conjecture is extended to include heavy charged states.
Using the aforementioned correspondence between heavy charged states and macroscopic strings, we will prove that the static quark-anti-quark potential comes out of the regularized energy of a static configuration of open Type IIB string in an anti-de Sitter supergravity background. We will find that the static potential is of Coulomb type, the unique functional form being consistent with the underlying conformal invariance [21] , and, quite surprisingly, it is proportional to the square-root of the 't Hooft coupling parameter. We interpret the nonanalyticity as an important prediction of Maldacena's conjecture on super-Yang-Mills theory in the large-N , strong 't Hooft coupling limit.
In due course of this study, we will elaborate more on boundary conditions that the world-volume BPS soliton satisfies at the throat. According to Polchinski's prescription, open string coordinates in perpendicular and parallel directions to the D-brane should satisfy Dirichlet and Neumann boundary conditions, respectively. For the world-volume BPS soliton, we will show that these boundary conditions arise quite naturally as a consequence of a self-adjoint extension [14, 15] of small fluctuation operators along the elongated D3-brane world-volume of BPS soliton.
This paper is organized as follows. In Sect. 2, we study the dynamics of a macroscopic Type IIB string, using the Nambu-Goto formulation, in the background of multiple D3-branes. In Sect. 3, the result of Sect. 2 is compared with the dynamics of the Type IIB string realized as a world-volume BPS soliton on the D3-brane. We find that the two descriptions are in perfect agreement. As a bonus, we will be able to provide a dynamical account of Polchinski's D-brane boundary conditions out of the selfadjointness of the low-energy string dynamics. In Sect. 4, we also study large-N resummed Born-Infeld theory and find the D3-brane world-volume soliton that corresponds to a semi-infinite string and to massive charged particle on the D3-brane. In Sect. 5, we consider a heavy quark and anti-quark pair configuration, again, from both the large-N resummed Born-Infeld and the supergravity sides. As a prototype non-perturbative quantity, we derive the static inter-quark potential. Results from both sides are qualitatively in good agreement and, most significantly, display a surprising non-analytic behavior with respect to the 't Hooft coupling. We also point out that the static interquark potential suggests a dual relation between the ultraviolet (infrared) limit of the supergravity side and the infrared (ultraviolet) limit of the gauge theory side, which we refer to as UV-IR geometry duality. In Sect. 6, we speculate on the possible relevance of conformal invariance to the large-N Wilson loop equation and the realization of exotic hadron states in the large-N gauge theory via Npronged string networks on the supergravity side.
String on D3-brane: Supergravity description
Consider N coincident planar D3-branes (thus carrying a total Ramond-Ramond charge N ≡ S5 H 5 = S5 H * 5 ), all located at x ⊥ = 0. The supergravity background of the D3-branes is given by
where
In the strong coupling regime, g eff → ∞, the geometry described by the near-horizon region is given by the anti-de Sitter spacetime AdS 5 times S 5 . For extremal D3-branes, the dilaton field is constant everywhere. This being so, up to the string coupling factors the supergravity background (1) coincides with the string sigma-model background.
We would like to study the dynamics of a Type IIB fundamental test string that ends on the D3-branes 1 . Let us denote the string coordinates X µ (σ, τ ), where σ, τ parametrize the string worldsheet. The low-energy dynamics of the test string may be described in terms of the NambuGoto action, whose Lagrangian is given by
